Abstract -This paper describes design and test of a low-cost localiza tion system for agricultural applications which is able to determine a tractor position infields of up to 0.5 km with an uncertainty of about 1 m. The proposed system employs a standard unmodified laser head, which is commonly used for field leveling, plus a reference ground fixed laser receiver and does not require either laser modulation or expensive light time-of-jiight measurements.
INTRODUCTION
Rice cultivation is one of the most water-demanding culti vation since in most cases the fi elds are permanently fl ooded during rice grow-up. A reduction of water wasting can be ob tained by reducing the water deepness still warranting no fi eld part remain unfl ooded. This can be obtained by preparing the fi elds so that they are leveled within a few millimeters. Spe cifi c agricultural tools have been designed to help farmers in this preparation. Most solutions employ a rotating laser to ma terialize an horizontal plane to be used as the reference in the fi eld preparation. A specially designed add-on with a laser re ceiver, which is mounted on the tractor, reads the laser plane height and drives a blade that is used to move the soil from above level sites to under level sites.
This leveling operation could be made rather effi cient is it were possible to employ a fi eld altimetric map. By using such a map one could develop a soil movement strategy able to reduce the tractor movement and work. Unfortunately such altimetric maps are not generally available and a measurement solution is required to map the fi elds on demand. One should note that it is not required the absolute map, i.e. provided in terms of real geographical coordinates; for leveling purposes a local coor dinate system is usually enough which is defined with respect to a specifi c fi eld point. However, the accuracy in the tractor position should be of the order of one to two meters to be able to adopt the best soil movement strategy.
II. ALTIMETRIC FIELD MAPPING
If the farmer is planning to level the fi eld and therefore em ploys the solution described in the previous section, the alti-0-7803-8879-8/05/$20.00 ©2005 IEEE 859 metric value, in term of distance of the ground from the laser plane, is already available so the map could be easily obtained if it were possible to continuously know the tractor horizontal position in the fi eld. The problem therefore becomes how to determine the tractor position with a cheap and robust solution. Several approaches can be employed to obtain the tractor position, fi rst of all the use of GPS systems. Such systems are commercially produced by several companies in the agricul tural fi eld and take advantage either of the free WAAS (Wide Area Augmentation Technology) technology or of proprietary correction networks to improve the localization accuracy. The expected accuracy of these devices is of about 3 m (at a con fi dence level of lu; 8 m maximum) for the free WAAS and 1 m (at a confi dence of lu; 2 m maximum) for the proprietary network. Even though the basic GPS receivers have a very low cost, models designed for agricultural applications can be much more expensive and the subscription to the proprietary correction network, which would be required to reach an ac ceptable accuracy, can be even more costly.
For these reasons a different approach, which avoids us ing the GPS, would be preferable. Among the different ap proaches, solutions based on laser beams could be favorably considered since they have several advantages like the substan tial immunity with respect to electromagnetic interferences and possibly a reduced cost.
The tractor position with respect to a reference point, usu ally located on the fi eld border, can be conveniently obtained if the tractor distance is measured along with the angle with respect to a reference line as depicted in fi g. 1. The tractor position is therefore easily obtained as:
The tractor position can be expressed with respect to the fi eld reference system as: (2) where i andj are the unit vectors identifying the reference sys tem. The first approach is based on the measurement of the re quired time for a laser beam to reach the object, whose dis tance has to be measured, and traveling back to the source. A system which implements such a method typically consists of a pulsed laser transmitter, the necessary optics, a receiver channel and a time-to-digital converter, which is employed to measure the time between the start and the stop signals gener ated respectively by the transmitter and the receiver circuitry. The time of fl ight has to be measured with high accuracy and this requires both a narrow optical pulse and an high resolu tion time-to-digital converter. Moreover, to allow the receiver to correctly detect the refl ected signal, the transmitted optical peak power could be rather high.
III. DISTANCE MEASUREMENT BY LASERS
Main advantages of this technique are the ability to obtain results with accuracy in the order of centimeters, or even mil limeters, in the range of few meters to several tens of meters.
The triangulation method is conceptually similar to the vi sion system that humans use to percept object distance and works by observing an object from two spatially separated points of view; the laser beam is projected from the source and refl ected from the target object towards collection lenses. The lenses, which are typically located adjacent to the laser emitter, focuses the spot images on two camera CCDs. The spot positions are then processed to determine the target dis tance. This technique is employed for measuring distances in the range of few centimeters to some meters with high accu racy, but becomes not ideal for more distant objects since the accuracy decreases as the angle under which the target is seen by the system decreases.
The FMCW approach, and its variations, are based on the modulation of the laser beam by means of which the time of fl ight can be converted into a beat frequency proportional to the distance to be measured. Low cost systems can be obtained employing the optical power modulation rather than the clas sical optical carrier modulation. Such a method is typically capable to deal with distances of tens of meters and with un certainty of few centimeters.
A problem of all these three techniques is the necessity to employ a tracking system to follow the tractor movement within the fi eld so that a different approach would be desirable.
IV. THE PROPOSED SOLUTION
The proposed solution takes advantage of the already present rotating beam and does not require any interventions on the laser head so that it can be employed with almost any commercial head. It employs the scheme shown in fi g 2 and is composed of:
• four laser receivers which are fi xed at the end of a cross shaped support. This support is mounted on the tractor and is moved by employing the already present actuator system used for the blade movement so that the receivers are kept illuminated by the laser beam;
• a reference laser receiver, fi xed to the ground and capa ble of transmitting a radio signal which is received by a receiver on the tractor. The basic principle relies on the measurement of four time in tervals:
• the time between two laser passages on the same point of the tractor T, which is related to the laser rotation speed (usually between 200 and 2000 revolution per minute);
• the time interval between the laser passage on the refer ence sensor and on the tractor base sensor t z, which de pends on the angle e;
• the time intervals tA-A' and tB-B' between the laser pas sages on the two sensor couples, referred as illumination time, which is related to the angle r5 and to the laser rota tion speed. If the laser revolution speed can be considered constant dur ing a revolution, the four times can be expressed as: 
where w is the laser revolution speed and in eqn. 5 the tangent has been substituted with the angle.
By summ ing the squared values of tA-A' and tB-B' one con obtain a time value which does not depend on the tractor heading angle a:
I 2 2 t V t A_A, + t B_B , = and eventually the distance is easily obtained as
21f� -21f t The angle 8i is similarly obtained from the time t z t z 8i = 21f T and finally the tractor position
The most critical terms to be measured are: the time in terval within the illumination of the two couples of sensors, which can be as low as 50 MS, and the sensor distance, which is subjected to vibrations and harsh environmental conditions. This suggests to assign to these measurements the most impor tant part of the uncertainty while reserving lower values to the other.
The revolution time T is in the range of 30 ms to 300 ms so that, if it is measured with a clock with resolution 10 MS, an uncertainty contribution D 2 u}/T 2 of less than 0.005 m2 can be expected which is negligible with respect to the allowed u1; value of 0.125 m 2 . Therefore the T measurement can be easily obtained with simple counter clocked with a 100 kHz oscillator. The required counter length, even in the worst case (300 ms revolution time) does not exceed 15 bit so that it can be easily arranged.
If the sensor distance is set to d = 0.5 m with an uncertainty Ud = 0.5 mm, the distance related contribution is 0.04 m 2 thus leaving un uncertainty contribution for the t measurement of 0.08 m2.
At this point, eqn. 6 can be used to obtain the required reso lution for t A-A' and t B _ B' , in order to guarantee the combined uncertainty bound:
If two identical axes are employed, the combined uncer tainty does not depend on the angle of the system orientation
